Abstract: The effects of three heavy metal cations, mercury (II), copper (II), and chromium (VI), on the growth of the rumen ciliate Entodinium caudatum in vitro culture was studied. The E. caudatum culture was challenged by HgCl2, CuCl2, and K2Cr2O7 for a period of 4 days. The tested concentrations of mercury (II) and copper (II) were 1, 5, 10, 20, 50 mg/L and 2, 10, 20, 40 mg/L for chromium (VI) at single dose with either untreated or inhibited bacterial co-culture population. Effective metal concentrations required to reduce ciliate growth by 50% (EC50) for mercury (II), copper (II), and chromium (VI) either with untreated or inhibited bacterial co-culture population after 24 h of metal application were 24, 20, and 21 or 15, 20, and 19 mg/L, respectively. After 4 days of metal application, corresponding EC50 values for mercury (II), copper (II), and chromium (VI) were 16, 20, and 17 (with untreated bacterial population) or not determinable, 20, and 15 mg/L, respectively (with inhibited bacterial population). Increased sensitivity of E. caudatum to tested heavy metals with inhibited bacterial co-culture population indicate that the ciliate resistance to the heavy metal tested depends on detoxification abilities of rumen bacterial population.
Introduction
Ruminants can be exposed to toxic concentration of heavy metals by consumption of contaminated feed and water (Bíreš et al. 1995; Nicholson et al. 1999; Licata et al. 2004; Blanco-Penedo et al. 2006; Váradyová et al. 2006) . The microorganisms present in the reticulorumen are in immediate contact with materials consumed by the animal and number of interactions may occur. The ingested toxic elements can be inhibitory to both the fermentative activity and growth of the microorganisms present in the rumen (Forsberg 1978) . Heavy metals can decrease productivity of the animals by microbial transformation of the elements to a more toxic form, e.g. methylation of mercury (Norseth & Clarkson 1971; Kozak & Forsberg 1979) . Rumen microbes may also modify toxicity of the elements by decreasing the toxicity by precipitation of the heavy metals (Ivan 1989) . Toxicity of heavy metals depends on the metal concentration in soluble, ionic forms (Mueller & Steiner 1992) . The mercury concentration in grass in polluted area can be influenced by the distance of emission source (Krupicer 1995; Alonso et al. 2003) . Copper and mercury were the most abundant heavy metals present in soil, grass, and rumen content of sheep from area of non-ferrous metal industry (Zeleňák et al. 1992; Váradyová et al. 2006) . Chromium is used in the leather industry, in inks and in processing of steel, and the chromium concentrations can be remarkable increased in dairy products (Anastasio et al. 2006) .
Ciliate protozoa represent 18-32% of the total microbial biomass in the rumen (Michalowski 1990 ), therefore they could contribute to the interactions of rumen microbiota with heavy metals. However, few studies were carried out on interactions of heavy metals with rumen ciliates (Ivan 1989; Jalč et al. 1994; Kišidayová et al. 2000a,b; 2001) . Entodinium caudatum is rumen ciliate with frequent occurrence in domestic ruminants and many wild hosts. It has been used extensively for metabolic studies.
The aim of our work was to determine the effects of three heavy metal cations -mercury (II), copper (II), and chromium (VI), which are the frequent sources of heavy metal intoxication, on the growth of the rumen ciliate E. caudatum in vitro culture and impact of bacterial co-culture population on E. caudatum tolerance to the heavy metals.
Material and methods

Experimental organisms and cultivation conditions
The rumen ciliate E. caudatum was isolated from mixed cil- of 10 mL of caudatum-type medium (Coleman 1980) . The medium consisted of (g/L, pH 6.8 and 39.5 (Kišidayová et al. 2003; Regensbogenová et al. 2004 ) and diluted each 4-5 days with equal volume of fresh medium. The culture was fed each day with mixture consisted from rice starch and fine-ground dried leaves of orchard grass Dactylis glomerata (40:60) in the amount of 0.04 g/L of culture. Rice starch was covered by 13% of β-sitosterol (Sigma) according to Hino et al. (1973) .
Experiments
The E. caudatum culture was treated by mercury (as HgCl2), copper (as CuCl2) and chromium (as K2Cr2O7) for a period of 4 days. The tested concentrations of mercury (II) and copper (II) were 1, 5, 10, 20, 50 mg/L and those of chromium (VI) were 2, 10, 20, 40 mg/L. Heavy metal solutions (in the volumes not exceeded 5% of the final culture volume) were added at start day of experiments after culture dilution. Each concentration of the tested metals was run in triplicate. Each experiment was repeated at least two times. To distinguish impact of bacterial co-culture population on E. caudatum heavy metal resistance, the ciliate culture was treated with antibiotics to inhibit growth and metabolic activities of bacteria. Therefore, all experiments were performed under two different conditions: either with untreated bacterial population or bacterial co-culture population inhibited by antibiotics. To inhibit bacterial population, a mix of antibiotics (G-penicillin, carbenicillin, and cephaloridin) was added to the culture at start and the second day at the concentration of 500 mg/L of each. A control without metal ion addition was run simultaneously. Culture treated with antibiotics was control group in experiments with inhibited bacterial population.
Ciliate numbers were measured daily during experimental period of 4 days by direct microscopic counts. Samples were fixed with 8% solution of formaldehyde at equal volumes, and counted under a light microscope according to Coleman (1980) .
Estimation of EC50
In the toxicity tests the effective metal concentration required to reduce population growth by 50% (EC50) when compared to the growth of the respective control was determined by nonlinear regression analysis of dose-response data fitting a sigmoidal (four-parameter logistic) curve (GraphPad Prism version 4.0 for Windows, GraphPad Software, Inc., San Diego, CA).
Statistical analysis
All data are presented as means ± pooled standard error of means (SEM). The statistical significances of the differences between control values and treated values were assessed using one-way analysis of variance with Newman-Keuls multiple comparison post test (GraphPad Prism version 4.0 for Windows, GraphPad Software, Inc., San Diego, CA). Probability values of P < 0.05 were considered as significant.
Results
The EC 50 for mercury (II), copper (II), and chromium (VI) either with untreated or inhibited co-culture bacterial population after 24 h of metal application were 24, 20, and 21 or 15, 20, and 19 mg/L, respectively. The EC 50 for mercury (II), copper (II), and chromium (VI) either with untreated or inhibited co-culture bacterial population after 4 days of metal application were 16, 20, and 17 or not determinable, 20, and 15 mg/L, respectively. The lethal doses of mercury (II) and chromium (VI) after 4-day exposure were estimated to be 50 and 40 mg/L, respectively under both conditions (Figs. 1  and 2 ). No tested concentrations of copper (II) resulted in the culture death (Fig. 3) . Black precipitates have been formed under increased concentration of mercury (II) and copper (II) supplements.
However, concentrations of mercury (II) from 5 mg/L affect negatively (P<0.001) the number of E. caudatum cells at the end of experiment at conditions with untreated bacterial population (Fig. 1) . Copper (II) caused significant decrease (P < 0.001) in the E. caudatum cell number after exposure equal to or above 10 mg/L (Fig. 3) . Chromium (VI) concentrations from 2 mg/L caused a significant (P < 0.001) decrease after 4-day cell growth (Fig. 2) .
Under the conditions with inhibited co-culture bacterial population even the lowest concentrations of tested heavy metals significantly decreased (P < 0.001) the number of E. caudatum cells at the end of the 4-day period except of chromium (VI) (Figs. 1-3) . Presence of co-culture bacterial population did not affect chromium (VI) toxicity against E. caudatum.
Discussion
No toxicity studies of tested heavy metals on rumen ciliates were found in the literature to compare the data obtained. Durand & Kawashima (1980) suggested that protozoan growth might be more sensitive to increased heavy metal levels than bacterial growth.
Studies on rumen microbes revealed that the microflora in strained rumen fluid did not methylate or volatilize mercury (II) at detectable rates (Kozak & Forsberg 1979) . Sensitivity of rumen bacteria to heavy metals ranges in large scale depending on bacterial species and conditions with consequences on their metabolic activity (Forsberg 1978; Legáth et al. 1990; Lauková 1994; Lenártová et al. 1998; Faixová & Faix 2002) . In comparison with our resultsE. caudatum exhibited higher sensitivity to mercury (II) than the above-mentioned rumen bacteria. On the other hand, the sensitivity of free living ciliate Tetrahymena pyriformis was higher in comparison with E. caudatum. Estimated LD 50 (lethal dose required to kill half the members of a tested population) of HgCl 2 was 8 mg/L (Ništiar et al. 2003 ) after 4-hour exposition and total inhibition growth was observed after 24-hour exposition at 4.5 mg/L (Carter & Cameron 1973) . Since the E. caudatum culture produced the black precipitate, it can be assumed that production of insoluble mercury sulphite might be the important way of mercury (II) detoxification.
Similar way of copper (II) detoxification was supposed in the studies of Ivan (1989) and Ivan et al. (1986) . Copper (II) is an essential trace element for ruminant nutrition, but its maximum requirement is small. Presence of rumen ciliate protozoa significantly determines susceptibility to chronic copper toxicity in sheep by increasing the production of sulphite in the rumen through the metabolism of S-contained amino acids of rumen degradable proteins. Kišidayová et al. (2000a) studied the effect of physiological copper supplementation on the rumen ciliate population in sheep. Supplementation of copper (II) in the concentration of 12 mg/kg of dry mass significantly reduced the rumen population of Entodinium spp. under nutrient poor diet and thus decreased the total ciliate number which is in accordance with our results. No lethal effect to E. caudatum of copper (II) concentration up to 50 mg/L is in contrast to free-living protozoan communities. However, soil ciliates are quite resistant to heavy metal pollution with regard to ciliates from other habitats (Diaz et al. 2006) . The growth of soil ciliate Colpoda steinii was reduced by 50% in the presence of 0.25 mg/L of copper (Forge et al. 1993) . However, resistance to heavy metals depends on experimental conditions as was revealed in the experiments on Tetrahymena pyriformis. For this ciliate the EC 50 101.7 mg/L at 1 h in high-nutrient medium (Nilsson 1981) and 8 mg/L in low-nutrient medium (Schafer et al. 1994 ) was reported. Madoni et al. (1996) reported that the concentration of 6.12 mg/L of copper (II) caused 89% cell mortality in the activated sludge protozoan community and disappearance of 7 out of 16 species. The 24-h LC 50 mean values of four freshwater ciliate species (Halteria grandinella, Euplotes aediculatus, Colpidium colpoda, and Dexiotricha granulosa) were determined in the range of 0.01-0.17 mg/L (Madoni & Romeo 2006) . In our experiments, hexavalent chromium concentration from 10 mg/L was found to be very toxic to E. caudatum in contrast with the study of Forsberg (1978) where chromium (VI) concentration of 70 mg/L caused the 50% inhibition of rumen fermentation in vitro. Relatively resistant activated sludge protozoan community was also observed in the study of Madoni et al. (1996) where 55% mortality in the protozoan community and the reduction of species richness to 11 species out of 16 was observed in the presence of 150 mg/L of soluble chromium (VI). The 24-h LC 50 mean values of four freshwater ciliate species (Halteria grandinella, Euplotes aediculatus, Colpidium colpoda, and Dexiotricha granulosa) were determined in the range of 0.1-110 mg/L (Madoni & Romeo 2006) . On the other hand, studies on protozoa coming from the industrial effluents revealed a toxic effects of 1 mg/L of chromium (VI) on Tetrahymena pyriformis and the depressed growth of Euglena, Vorticella, and Stylonychia populations at 5 mg/L of chromium (VI) (Haq et al. 1998 (Haq et al. , 2000 .
Bacteria serve as source of proteins and other nutrients for the ciliate growth. As no other protein supplement in feeding substrates was present, no growth of the ciliate cells was observed in antibiotics-treated control group at the end of 4-day period and very poor growth in control with untreated bacterial population. It points to the conclusion that bacterial population does not meet the nitrogen or protein requirements of E. caudatum under the experimental conditions. However, other toxic effects of high antibiotic doses on ciliate growth could not be excluded. On the other hand, the antibiotics could eliminate the bacterial activity in alleviation of heavy metal toxicity to E. caudatum. As consequences, the cultures treated by antibiotics were much more sensitive to tested heavy metals. Increased sensitivity of E. caudatum to tested heavy metals with inhibited co-culture bacterial population indicates the close inter-relationship between bacteria and the ciliate in the alleviations of environmental stress especially under nutrient poor conditions. Black sediment formation in the E. caudatum culture with increased concentration of heavy metal supplements points to the detoxification of heavy metals through the formation of insoluble sulphites.
It can be concluded that E. caudatum was sensitive to tested heavy metals. Bacterial population had crucial role in the alleviations of the toxicity of tested heavy metals.
